Introduction
Equine influenza (EI) is one of the most economically important respiratory diseases of horses, due to its contagious nature and rapid spread among susceptible horses. [1] [2] [3] Equine influenza virus (EIV) is endemic in the European and American continents, and large outbreaks of the disease are often associated with the congregation of horses for equestrian events and competition. 3, 4 Two subtypes of influenza A virus, H7N7 and H3N8, have been associated with this disease in horses. 5, 6 Equine influenza viruses currently circulating in horses belong to the H3N8 subtype and are responsible for widespread outbreaks of disease in both vaccinated and unvaccinated horses. 2, 7 Phylogenetic analysis of the haemagglutinin (HA) gene revealed that equine H3N8 viruses diverged during the mid-1980s and early 1990s into two distinct evolutionary lineages namely the Eurasian and the American lineages. 8 Viruses of the Eurasian lineage have not been isolated in recent years. 9 The American lineage has persisted and diverged into the South America, Kentucky and Florida sublineages. 10 Subsequent evolution within the Florida sublineage has resulted in the emergence of two distinct clades, designated as Florida clade 1 and Florida clade 2.
11,12 Florida clade 1 viruses are endemic in the USA but have also caused outbreaks in South Africa, 13 Japan, 14 Australia 15 and Europe. 11, [16] [17] [18] [19] Florida clade 2 viruses have predominated in Europe but have also been the cause of major outbreaks of EI in China, 20 Mongolia 21 and India. 22 Occasional outbreaks of EI have been reported in South America. In Chile, the first outbreak of EI was reported in 1963, 23 that is the same year, a H3N8 virus was isolated for the first time from horses in the USA. 6 H3N8 viruses reemerged in Chile in 1985, 1992 and 2006 . [24] [25] [26] Outbreaks due to H3N8 viruses were recorded in Argentina from 1985 to 2005 . 26 Genetic characterisation of viruses from these outbreaks indicated that they belonged within the South American sublineage of the American lineage. 8, 10, 12, 26 In January 2012, EIV was confirmed as the cause of outbreaks of respiratory disease in Chile and immediately reported to the World Organisation for Animal Health (OIE). Equine influenza outbreaks were subsequently reported in Brazil, Uruguay and Argentina (http://www.oie.int/wahis_2/public/ wahid.php/Wahidhome/Home).
Vaccination is key to the control of EI and many countries such as Argentina implement mandatory vaccination programmes for highly mobile horses. Most major thoroughbred racing authorities have a mandatory vaccination policy to minimise the economic impact of EI outbreaks. Antigenic drift compromises vaccine effectiveness as the ability of vaccinal antibodies to recognise the field virus and protect against clinical disease and virus shedding is diminished. 17, 27 Phylogenetic and antigenic analysis of EI field outbreaks worldwide are reviewed annually by the OIE expert surveillance panel (ESP) to improve vaccine effectiveness by ensuring vaccines contain epidemiologically relevant strains. The ESP recommends that the vaccines contain viruses from both clades of the Florida sublineage of the American lineage. The aim of this study was to characterise the EI virus detected during the multifocal occurrence of disease in Uruguay and Argentina during 2012 and to compare it to recommended vaccine strains. At the time of the outbreak, the majority of the vaccines on the Uruguay and Argentine market contained viruses of the American lineage that predated the emergence of the Florida sublineage.
Materials and methods

Sample collection
Nasopharyngeal swabs in viral transport medium and whole blood samples from acutely affected horses were collected in Maroñas (n = 10), Palermo (n = 5), La Plata (n = 5), San Isidro (n = 4), San Antonio de Areco (n = 6) and Esquel (n = 10). In addition, whole blood samples from horses in Maroñas, Palermo, La Plata and San Isidro were obtained during the convalescent period of the disease.
Influenza virus detection
A pan-reactive influenza type A real-time RT-PCR (qRT-PCR) targeting the matrix gene was performed for the detection of EIV. 28 The detection limit of this assay (10 1 EID 50% -10 1,5 EID 50% ) and the C t (threshold cycle) value to consider a sample as EIV positive (C t value <36) was established on the base of a standard curve generated from serial 10-fold dilutions of the 10 8 EID 50% EIV (data not shown).
Sequencing and phylogenetic analysis of the HA1 gene
The HA1 gene (1009 bp) from 18 EI qRT-PCR-positive nasopharyngeal swabs, including those from Maroñas (n = 3), Palermo (n = 3), La Plata (n = 4), San Isidro (n = 3), San Antonio de Areco (n = 3) and Esquel (n = 2), was amplified by the One-Step RT-PCR kit (Qiagen, Westburg, Leusden, the Netherlands) using the primers described by Gildea et al. 29 The PCR products were purified and sequenced by the 'Unidad de Gen omica, Instituto de Biotecnolog ıa, INTA, Hurlingham'. The HA1 nucleotide sequence was edited with the BIOEDIT software 7.0.9.0 Sequence Alignment Editor. 30 Multiple nucleotide and amino acid sequences alignments were constructed in CLUSTAL_X v.2 and subsequently edited in MEGA 5. 31, 32 Phylogenetic analysis using MEGA 5 software was performed with the HA1 gene sequences determined and selected sequences from the NCBI GenBank database, which are shown in Table S1 of the Supporting Information. Genetic distances were calculated using the Kimura two-parameter as a model of nucleotide substitution. This was determined as the most appropriate evolutionary model of nucleotide substitution for the data according to MODELTEST. A phylogenetic tree was constructed using the maximum-likelihood method with 1000 bootstrap replicates.
Equine influenza virus isolation
Virus isolation was attempted in 10-day-old embryonated hens' eggs. Briefly, 0Á2 ml of each swab was inoculated into the allantoic cavity and the eggs were incubated at 34 AE 1°C. After incubation for 72 hours, eggs were chilled at 4°C overnight and the allantoic fluid harvested and tested for haemagglutination activity. 33 Negative samples were passaged up to three times in embryonated hens' eggs.
Equine influenza virus antigenic characterisation
Representative EIV isolates from Palermo (A/eq/Palermo/E-2345-1/12), La Plata (A/eq/La Plata/E-2346-5/12) and San Isidro (A/eq/San Isidro/E-2357/12) were characterised by the haemagglutination inhibition test (HI) with clade-specific ferret antisera. Briefly, 4 HA units of each virus was tested with serial dilutions of ferret antisera against A/eq/South Africa/4/03 and A/eq/Donegal/09 (representative strains of the clade 1 Florida sublineage) and A/eq/Meath/07 and A/eq/ Kildare/12 (representative strains of the clade 2 Florida sublineage). Geometric mean titres were calculated for three HI tests for each combination. or more between the acute and convalescent serum samples. 34 
Equine influenza antibody detection and quantification
Results
Chronological description of the disease events
Early in February 2012, several horses suffering an acute respiratory disease were observed by private veterinarians in Maroñas thoroughbred racing and training facilities, in Montevideo, Uruguay. The official notification of this occurrence to the Uruguay National Animal Health Authorities was made on the 10th March 2012. Sanitary measures were imposed at both national and international levels, to control the spread of the infection.
Clinical signs were characterised by pyrexia, coughing and nasal discharge which was initially serous but quickly became mucopurulent. Young horses (2-3 year old) were most severely affected. The morbidity was approximately 40% in a population of 1700 thoroughbred horses. In Uruguay, racetracks require vaccination certificate for racing. Thus, all the affected horses had been vaccinated at least once.
Two months later, on July 8th, horses exhibiting pyrexia, nasal discharge and cough were observed in the Palermo and La Plata racetracks, which are located in Buenos Aires (BA) city and 60 km from BA, respectively. On July 10th, similar clinical signs were observed among horses in the San Isidro racecourse, located in the BA suburban area. The disease affected approximately 40%, 70% and 10% of a total population of 850, 1700 and 2200 horses in Palermo, La Plata and San Isidro racecourses, respectively. As EI vaccination for movement of horses is mandatory in Argentina, this EI outbreak occurred in a regularly vaccinated population of horses.
The disease was also confirmed among 80 horses on a farm in San Antonio de Areco (100 km north from BA). Some of these horses had returned from the racetracks in BA. Late in July, the National Animal Health Authorities (SENASA) reported clinical signs consistent with EI in the Azul (300 km south from BA) and Tucuman (1000 km north-west from BA) racetracks, as well as in a jumping club in Cordoba (500 km north-west from BA). On 27th November, the disease was confirmed among horses in Esquel, in the province of Chubut (1000 km south from BA), where 25 of 29 horses were affected. The geographical distribution, type of affected premises and vaccination status of the horses are summarised in Figure 1 and Table 1 .
Virological studies
Equine influenza virus was detected by real-time RT-PCR in 27 of 40 nasopharyngeal swabs obtained from affected horses from Maroñas (n = 8), Palermo (n = 5), La Plata (n = 5), San Isidro (n = 4), San Antonio de Areco (n = 3) and Esquel (n = 2). All the positive field samples gave C t values between 18Á75 and 34Á31. No other viruses (equine herpes virus EHV1/EHV4 and equine arteritis virus) were detected by PCR, RT-PCR or virus isolation (results not shown). The viruses identified in Maroñas and Palermo displayed 100% nucleotide identity. Viruses identified in San Isidro, San Antonio de Areco, Esquel and La Plata had 100% HA1 nucleotide identity to each other but had two nucleotide substitutions (G33A and A282G) compared to viruses from Maroñas and Palermo. Viruses with both HA1 nucleotide sequences were identified circulating at La Plata racecourse.
Phylogenetic analysis of the HA1 gene
To facilitate the HA1 genome segment analysis, A/eq/ Maroñas/E-1918-1/2012 (submitted as A/eq/Uruguay/E-1918-1/2012 to the NCBI database) and A/eq/Palermo/E-2345-1/2012 (submitted as A/eq/Argentina/E-2345-1/2012 to the NCBI database) were selected as representative strains with G33 and A282. A/eq/Areco/E-2397-3/2012 (submitted as A/eq/Argentina/E-2397-3/2012 to the NCBI database) was selected as a representative strain with A33 and G282 ( Figure 2 ).
Amino acid alignment
The HA1 gene amino acid sequence of EIV identified in Uruguay and Argentina was aligned with A/eq/Ohio/01/2003, a representative virus of the clade 1 of the Florida sublineage and the amino acid changes are summarised in Figure 3 . EIV strains circulating in South America in 2012 were identified as having the characteristic amino acid substitution in the putative antigenic site at position 159 that is likely to define the phenotype of the clade 1 viruses. Furthermore, all Uruguayan and Argentinian 2012 strains showed five amino acid substitutions in comparison with the clade 1 reference strains: G7D, R62K, D104N, A138S and V223I as observed in viruses isolated in Europe and North America. 11, 18, 19, 29 An additional amino acid substitution (M70V), consequence of the single-nucleotide change in position 282, was observed when comparing viruses identified in San Isidro (A/eq/San Isidro/E-2357/12), San Antonio de Areco (A/eq/Areco/E-2397/12), Esquel (A/eq/Esquel/E-3146-1/12) and La Plata (A/ eq/La Plata/E-2346-1/12) with Florida clade 1 reference strains. 11, 18, 19, 29 All viruses identified in South America 2012 had an additional substitution at the predicted peptide signal sequence, K-14T or K-14A, when compared with the Florida clade 1 reference strain. The substitution K-14T occurred in A/eq/San Isidro/E-2357/2012, A/eq/Areco/E-2397-3/2012, A/ eq/Esquel/E-3146-1/2012 and A/eq/La Plata/E-2346-1/2012 and in other strains recently circulating in Europe. 11, 18, 19, 29 The substitution K-14A, derived from the nucleotide change in the position 33 (A33G), was present in A/eq/Maroñas/E-1918-1/2012, A/eq/Palermo/E-2345-1/2012 and A/eq/La Plata/E-2346-2/2012 and to the authors knowledge has not previously been reported.
Equine influenza virus isolation
As summarised in Table 1 , EIV was successfully isolated from 12 nasopharyngeal swabs collected from horses in Palermo (n = 5), La Plata (n = 5), San Isidro (n = 1) and San Antonio de Areco (n = 1), but could not be isolated after three passages in embryonated hens' eggs from any of the 10 nasopharyngeal swabs obtained from affected horses in Maroñas (Uruguay). Olguin Perglione et al.
Equine influenza virus antigenic characterisation
As expected from their genetic characterisation, ferret antisera against clade 1 viruses recognised the Argentinian isolates to a similar level as their homologous strains, that is an eightfold difference to their titre against clade 2 viruses. In contrast, ferret antisera against the clade 2 viruses gave a lower titre against the Argentinian viruses than against homologous viruses. These titres were similar to those observed with the clade 1 reference virus A/eq/South Africa/ 4/03 (Table 2) .
Serology
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exhibited a significant increase in HI antibody titre during the convalescent period. The SRH antibody titres against A/eq/Meath/07 and A/eq/ South Africa/04/03 were consistent with the HI antibody titres in that seven horses tested from Uruguay were seropositive for H3N8 on initial sampling (Table 3) . Three of these seven horses seroconverted by SRH during the convalescent period. In Argentina, two of the nine horses tested by SRH were H3N8 seropositive on initial sampling. With the exception of one of these horses, all seroconverted during the convalescent period.
Discussion
Equine influenza virus infection was the cause of a major outbreak of respiratory disease in thoroughbred horses stabled in Maroñas training and racing facilities in Uruguay, during March and April 2012. Subsequently, from July to November 2012, EIV infection was diagnosed among horses in eight different establishments located in five provinces in Argentina. Six of the affected premises were thoroughbred racing yards, and the other two were facilities for jumping horses and show horses. The movement of horses among thoroughbred training and racing centres is usually very intensive, thus facilitating the spread of the EIV infection throughout the country. No epidemiological link between the thoroughbred yards and the two non-thoroughbred premises was identified. Equine influenza outbreaks in Brazil were notified to the OIE early in 2012 (http://www.oie.int/wahis_2/ public/wahid.php/Wahidhome/Home) and in mid-March, the Brazilian press reported that 50% of the horses had been withdrawn from races in Porto Alegre and Curitiba racetracks due to an acute respiratory disease (http://www.gripenet.pt/ pt/news/2012/03/11/newsletter_2011_17_03/). Horses from these regions had been moved to Uruguay for racing purposes and may have introduced EIV into the racehorse population there. Horses from Uruguay frequently race in Argentina and could have been the source of virus to Argentinian racetracks. Moreover, 3 of 18 endurance horses, which were exported from Uruguay to Dubai on 30th May 2012, exhibited fever and respiratory clinical signs 6 days post-arrival at quarantine. Equine influenza virus was isolated from nasopharyngeal swabs collected from these horses and genetically characterised. 19 Our study provides molecular support for the hypothesis that these horses were infected prior to export as the HA1 gene of the virus detected in Maroñas had 100% amino acid sequence identity to the virus isolated in the Dubai quarantine facility. The imported horses had received a primary course of two doses of vaccine in accordance with the manufacturer's recommendations. 19 The occurrence of EI in these horses is notable, as it illustrates the risk of global virus spread through international movement of vaccinated horses. The role of subclinically infected horses in the international spread of EIV has been highlighted in recent years as has the significant economic losses involved following the introduction of EI into a na€ ıve population. 13, [35] [36] [37] Equine influenza virus was diagnosed during the outbreaks in Uruguay and Argentina using real-time RT-PCR and confirmed by virus isolation and/or HA1 gene nucleotide sequencing. In addition, serological testing confirmed recent exposure to virus in affected horses from both countries. A significant rise in H3N8 antibody titres between paired serum samples was detected by HI and/or SRH. Virus was also isolated from nasopharyngeal secretions collected from horses in Argentina. No virus was isolated from horses in Uruguay. The unsuccessful attempt to isolate the virus from the affected horses in Maroñas may be due to the delay in collection of nasopharyngeal swabs as suggested by the high level of antibody titres found in 80% of horses. However, information relating to the date of last vaccination of the horses was not available. As EI vaccination certification is required to race at Maroñas, it is possible that the horses were seropositive at initial sampling because of recent vaccination and not because of timing of sampling relative to seroconversion due to the outbreak. In contrast, the majority of horses from Argentina were seronegative when nasopharyngeal swabs were obtained. A delay in veterinary intervention and sampling of affected horses has previously been identified as a contributing factor to the rate of diagnosis and therefore virus isolation during recent outbreaks of EI in Europe. 16, 17 Furthermore, our findings of EI real-time RT-PCR-positive nasal swabs but no infective virus are similar to those obtained by Read et al. 38 during the EI outbreak in Australia. In their study, the majority of 36 naturally infected horses tested by positive by real-time RT-PCR from the first to the tenth day after clinical signs were evident. However, a minority tested positive for up to 34 days after the onset of clinical signs. In contrast, virus was only isolated from nasal swabs for 6-7 days after clinical signs were first observed. 38 EIV strains that previously circulated among horses in Argentina, in the 1990s, group within the South American sub-lineage of the American lineage 8, 10, 12 as does the virus that caused the 2006 outbreak in Chile. 26 However, the molecular and antigenic characterisation of the viruses identified in Uruguay and Argentina in 2012 indicates that they belong to clade 1 of the Florida sublineage of the American lineage and were closely related to viruses circulating in the United States (USA) prior to the outbreak. 19 In fact, the amino acid sequence of the HA1 gene of the viruses detected in Maroñas and Palermo was identical to that of viruses detected in New York in 2011 and Kentucky in 2012. Outbreaks of EI result in economic losses due to disruption of training programmes, restriction of horse movement and cancellation of equestrian events. 2 The 2012 EI outbreak in South America resulted in the withdrawal of several horses from races, temporary cancellation of race meetings and a ban on the movement of horses both at national and international level. Additional veterinary and laboratory costs were also incurred as a result of the monitoring and surveillance required to contain the outbreak. Furthermore, following this outbreak, countries such as the United Arab Emirates and Thailand, requested individual proof of freedom from EI infection before importing horses from Argentina in an effort to minimise the risk associated with a virus incursion. The risk of virus shedding associated with international travel can also be mitigated by vaccination with vaccines containing epidemiologically relevant strains. The surveillance data reported in the current study support the recommendations of the ESP to include viruses from the Florida sublineage of the American lineage in vaccines. Many of the vaccine manufacturers in both Uruguay and Argentina have updated their vaccine strains since the 2012 outbreak.
